INTRODUCTION
============

Nanoscale body-centered cubic (BCC) transition metals hold great promise for applications in microelectromechanical devices under extreme loading conditions. Given the general tendency of smaller being stronger, they are expected to outperform bulk BCC counterparts that have excellent mechanical properties over a wide range of temperatures. However, the mechanical behavior of nanoscale BCC metals remains much less understood compared to nanoscale face-centered cubic (FCC) metals ([@R1]). It is partly due to the complex deformation characteristics of BCC crystals ([@R2]--[@R4]) that are usually associated with the unique nonplanar core structure of screw dislocations ([@R2], [@R5]--[@R8]). It is also partly due to a strong competition between dislocation slip and deformation twinning under the prevailing ultrahigh stresses in nanosized volumes. To understand this competition, it is essential to clarify various dislocation and twinning modes in BCC crystals, including the asymmetric twinning and anti-twinning. That is, on the {112} twin plane, the resistance to ordinary twinning with a forward shear along 〈111〉 is markedly lower than that to anti-twinning through a reverse shear along $\langle\overline{1}\overline{1}\overline{1}\rangle$ ([@R2], [@R9]--[@R12]). This asymmetry arises because of different atomic arrangements in the two opposite shear pathways along 〈111〉 and $\langle\overline{1}\overline{1}\overline{1}\rangle$ on the {112} twin plane ([@R2], [@R3]). Given the high resistance encountered ([@R2], [@R9]--[@R12]), anti-twinning had been deemed impossible. This is because plastic shear can be favorably produced by dislocation slip and/or ordinary twinning that is driven by lower shear stresses but experiences much lower resistances compared to anti-twinning ([@R2], [@R3]). To our knowledge, there is no report on experimental observations of anti-twinning in BCC crystals to date.

Generally speaking, plastically deforming BCC nanocrystals are prone to a rapid loss of dislocations from their free surfaces, leading to dislocation starvation ([@R13]--[@R15]). To maintain continued plastic deformation, high stresses are applied to activate the nucleation of dislocations and even deformation twins from the surfaces and interfaces (if present) of BCC nanocrystals ([@R16]). As a result, deformation twinning, which usually occurs at low temperatures and high strain rates in bulk samples ([@R16]--[@R18]), often becomes active in BCC nanocrystals at room temperature and low strain rates ([@R16], [@R19], [@R20]). However, the existing experimental and theoretical studies have been mostly focused on ordinary twinning in BCC metallic nanocrystals ([@R16], [@R21], [@R22]), as summarized in tables S1 and S2. Whether anti-twinning can occur in these BCC nanocrystals remains unclear ([@R14]--[@R16]). If happened, it is essential to determine the critical sample size below which anti-twinning becomes favored.

Here, we report direct observations of anti-twinning in BCC tungsten (W) nanowires by conducting in situ transmission electron microscopy (TEM) nanomechanical testing. With the decrease of nanowire diameter, an unexpected anti-twinning phenomenon is observed. This result demonstrates that the nucleation and growth of anti-twins can favorably occur in BCC nanocrystals under ultrahigh stresses. We perform molecular dynamics (MD) simulations and density functional theory (DFT) calculations to provide mechanistic insights into the nucleation and growth processes of anti-twins. Our findings not only advance the understanding of size-dependent deformation in BCC nanocrystals but also suggest a possibility of harnessing unconventional deformation mechanisms to achieve high mechanical preformation in nanomaterials.

RESULTS
=======

Twinning versus anti-twinning in $\lbrack\overline{1}10\rbrack$-oriented W nanowires
------------------------------------------------------------------------------------

[Figures 1](#F1){ref-type="fig"} (A and B) shows the schematic illustrations of the crystallographic origin of twinning and anti-twinning asymmetry in a $\lbrack\overline{1}10\rbrack$-oriented BCC single crystal under axial loading. When a BCC crystal is viewed along the \[110\] direction, the $(\overline{1}1\overline{2})$ twin plane becomes edge on. The squares and circles in [Fig. 1](#F1){ref-type="fig"} (A and B) represent atoms in the alternating $(\overline{1}1\overline{2})$ atomic planes along the viewing direction of \[110\]. The stacking sequence of $(\overline{1}1\overline{2})$ atomic planes is marked by ABCDEF and also indicated by dashed lines. Under 〈110〉 tension, the direction of the resolved shear stress on the {112} plane dictates that only anti-twinning can occur, but not ordinary twinning, because the resistance to the latter is much higher than the former. When anti-twinning occurs, it should produce a shear displacement of 1/3〈111〉 on every successive {112} twin plane; this response is dictated by the lattice geometry of the BCC structure, as illustrated in [Fig. 1A](#F1){ref-type="fig"}. More specifically, [Fig. 1A](#F1){ref-type="fig"} shows that under $\lbrack\overline{1}10\rbrack$ tension, the resolved shear stress τ on the $(\overline{1}1\overline{2})$ plane (as marked on a square stress element) will move the atomic layer E relative to the atomic layer D in the direction of $\lbrack 1\overline{1}\overline{1}\rbrack$ (marked by the red arrow), but not in the opposite direction. When anti-twinning occurs, the atom E that is marked by a red hollow circle should move by $1/3\lbrack 1\overline{1}\overline{1}\rbrack$ to the site indicated by a red solid circle so that it becomes a mirror reflection of the atom C that is marked by a pink hollow circle. A similar analysis can be applied to the case of ordinary twinning by a shear displacement of $1/6\lbrack\overline{1}11\rbrack$ under $\lbrack\overline{1}10\rbrack$ compression, as shown in [Fig. 1B](#F1){ref-type="fig"}. The different amounts of shear displacement for anti-twinning and twinning are dictated by the mirror symmetry requirement between the displaced atom E and fixed atom C with respect to the mirror twin plane. Moreover, during anti-twinning ([Fig. 1A](#F1){ref-type="fig"}), the atomic layer D is located under the shear displacement path of the atomic layer E and thus imposes a strong resistance to the anti-twinning shear. However, this is not the case for ordinary twinning ([Fig. 1B](#F1){ref-type="fig"}). As a result, the resistance to anti-twinning should be much higher than that of ordinary twinning ([@R2], [@R9]--[@R12]), causing a lower possibility of anti-twinning in BCC crystals ([@R6], [@R14], [@R15]).

![Twinning versus anti-twinning in $\lbrack\overline{1}10\rbrack$-oriented W nanowires.\
(**A** and **B**) Schematic illustration of the crystallographic origin of twinning and anti-twinning asymmetry in a $\lbrack\overline{1}10\rbrack$-oriented BCC crystal under axial loading. The squares and circles represent the atoms in the alternating $(\overline{1}1\overline{2})$ planes along the \[110\] viewing direction. The red arrow in (A) and pink arrow in (B) represent the shear displacement vector of twinning and anti-twinning, respectively. (**C**) TEM image showing the deformation-induced ordinary twinning via $1/6\lbrack\overline{1}11\rbrack(\overline{1}1\overline{2})$ shear in a W bicrystal nanowire (\~18 nm in diameter) under $\lbrack\overline{1}10\rbrack$ compression. (**D** to **F**) TEM images showing the deformation-induced anti-twinning in a W bicrystal nanowire (\~16 nm in diameter) under $\lbrack\overline{1}10\rbrack$ tension. The sample was loaded at a strain rate of 10^−3^ s^−1^. The anti-twin embryo first nucleated from the side surface and then grew into the crystal by expanding its leading edge and thickening the anti-twin band. (**G** and **H**) Magnified TEM image and fast Fourier transform pattern of the anti-twin. Scale bars, 5 nm.](aay2792-F1){#F1}

To conduct in situ TEM nanomechanical tests of W nanocrystals, we used a recently developed in situ nanowelding method ([@R16]) to fabricate individual W bicrystal nanowires containing a cross-sectional grain boundary (Materials and Methods). This method overcomes the difficulties of other nanofabrication methods such as focused ion beam machining in producing a stable sub--100-nm BCC sample without damage and contamination ([@R16]). [Figure 1C](#F1){ref-type="fig"} and fig. S1 show the in situ TEM observations of ordinary twinning along $1/6\lbrack\overline{1}11\rbrack(\overline{1}1\overline{2})$ in a W bicrystal nanowire (\~18 nm in diameter) under $\lbrack\overline{1}10\rbrack$ compression. This twinning mode is consistent with the schematic illustration in [Fig. 1B](#F1){ref-type="fig"} and becomes active under the largest resolved shear stress among all the possible twinning systems ([@R16]) (see the respective Schmid factors listed in [Table 1](#T1){ref-type="table"}). Note that the bicrystal sample is referred to as a $\lbrack\overline{1}10\rbrack$-oriented nanowire, because the plastic deformation events of interest are primarily observed in the relatively large crystal with its $\lbrack\overline{1}10\rbrack$ axis along the loading direction. In contrast, [Fig. 1](#F1){ref-type="fig"} (D to F) shows the in situ TEM observations of anti-twinning along $1/3\lbrack 1\overline{1}\overline{1}\rbrack(\overline{1}1\overline{2})$ in a W bicrystal nanowire (\~16 nm in diameter) under $\lbrack\overline{1}10\rbrack$ tension. Under an applied strain rate of \~10^−3^ s^−1^, an anti-twin embryo first nucleated from the side surface of the nanowire ([Fig. 1E](#F1){ref-type="fig"}). Then, this anti-twin embryo grew into the nanowire by expanding its leading edge and increasing its thickness via successive nucleation of anti-twin partials on the $(\overline{1}1\overline{2})$ twin boundaries ([Fig. 1, E and F](#F1){ref-type="fig"}). The magnified TEM image in [Fig. 1G](#F1){ref-type="fig"} and fast Fourier transform pattern in [Fig. 1H](#F1){ref-type="fig"} confirm the occurrence of anti-twinning. We emphasize that the partial dislocation on the anti-twin boundary has a larger Burgers vector of 1/3$\lbrack 1\overline{1}\overline{1}\rbrack$ on the $(\overline{1}1\overline{2})$ twin plane compared with the partial dislocation on the ordinary twin boundary with a smaller Burgers vector of 1/6$\lbrack\overline{1}11\rbrack$ ([@R22]); this difference is dictated by the crystallography of the BCC lattice.

###### Schmid factors for different deformation modes in BCC W nanowires under $\lbrack\overline{1}10\rbrack$ compression (C) and tension (T).

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Loading**\   **Dislocations**                                      **Twins**   **Deformation modes**                                                              
  **modes**                                                                                                                                                           
  -------------- ----------------------------------------------------- ----------- --------------------------------------------------------------------------- ------ ---------------
  C              $1/2\lbrack 1\overline{1}1\rbrack(\overline{1}01)$\   0.41        $1/6\lbrack\overline{1}11\rbrack(\overline{1}1\overline{2})$\               0.47   Twinning
                 $1/2\lbrack\overline{1}11\rbrack(101)$\                           $1/6\lbrack 1\overline{1}1\rbrack(\overline{1}12)$                                 
                 $1/2\lbrack 1\overline{1}1\rbrack(011)$\                                                                                                             
                 $1/2\lbrack\overline{1}11\rbrack(0\overline{1}1)$                                                                                                    

  T              $1/2\lbrack 1\overline{1}1\rbrack(\overline{1}01)$\   0.41        $1/3\lbrack 1\overline{1}\overline{1}\rbrack(\overline{1}1\overline{2})$\   0.47   Anti-twinning
                 $1/2\lbrack\overline{1}11\rbrack(101)$\                           $1/3\lbrack\overline{1}1\overline{1}\rbrack(\overline{1}12)$                       
                 $1/2\lbrack 1\overline{1}1\rbrack(011)$\                                                                                                             
                 $1/2\lbrack\overline{1}11\rbrack(0\overline{1}1)$                                                                                                    
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In addition to the surface nucleation of anti-twins, we observed an anti-twin nucleated near a grain boundary inside a bicrystal W nanowire under $\lbrack\overline{1}10\rbrack$ tension (Fig. 2A). In this case, a $\lbrack\overline{1}1\overline{1}\rbrack(\overline{1}12)$ anti-twin with a very thin leading edge (less than \~1 nm) was emitted from the grain boundary ([Fig. 2B](#F2){ref-type="fig"}) under an ultrahigh tensile stress of \~26.2 GPa (fig. S2). The formation of such an anti-twin resulted in the release of lattice strain and thus tensile stress in the nanowire (fig. S3). Associated with this process was the slow growth of this anti-twin ([Fig. 2C](#F2){ref-type="fig"}), which was followed by de--anti-twinning, resulting in anti-twin shrinkage ([Fig. 2D](#F2){ref-type="fig"}). The de--anti-twinning was likely caused by stress release associated with the formation of dislocations, anti-twins, and/or twins at other locations in the nanowire. However, these stress-releasing processes were not captured by TEM observations, as their crystallographic orientations might not be aligned favorably with the specific 〈110〉 zone axis taken for anti-twin imaging. As the applied tensile load was further increased, a localized shear deformation, which was mediated by dislocation activities, occurred near the side surface of the nanowire ([Fig. 2E](#F2){ref-type="fig"}). The above in situ TEM results indicate that anti-twinning in W nanowires faces a strong competition from dislocation slip. This competition can take place during anti-twin nucleation and growth, indicative of high energy barriers for anti-twinning shear. Among the four tungsten nanowires (with the diameter less than 20 nm) tested under \[110\] tension, we observed the anti-twinning deformation in three samples (another bicrystal sample fractured from its weak grain boundary, and thus, no anti-twinning occurred). Similar anti-twinning deformation was also observed in a W nanowire under \[111\] tension (fig. S4) and in other BCC metals such as a Nb nanowire under \[112\] tension (fig. S5); note that \[111\] tension and \[112\] tension are anti-twinning orientations for BCC metals (table S1). These in situ TEM experiments suggest that anti-twinning in BCC metallic nanowires can occur with a reasonably high frequency, establishing the anti-twinning shear as a viable plastic deformation mode in BCC metallic nanocrystals. We note that the shear displacement caused by an anti-twinning dislocation cannot be directly identified in our experiments due to the TEM resolution limit, especially under in situ loading, but can be clearly revealed by atomistic simulations as shown next.

![In situ TEM observation of a dynamic anti-twinning process in a bicrystal W nanowire under $\lbrack\overline{1}10\rbrack$ tension.\
(**A**) Pristine bicrystal W nanowire with a cross-sectional grain boundary (GB). (**B**) An anti-twin with a very thin leading edge (less than \~1 nm) was emitted from the grain boundary. (**C** and **D**) The anti-twin grew slowly into the crystal (C) until de--anti-twinning occurred, resulting in anti-twin shrinkage (D). Inset in (C) shows the structure of this anti-twin. (**E**) Further straining caused a localized shear deformation mediated by the glide of dislocations nucleated from the side surface. Red arrows in (E) indicate the surface steps produced by dislocation slip. Scale bars in (A) to (E) are 5 nm; scale bar in the inset of (C) is 1 nm.](aay2792-F2){#F2}

Atomistic modeling of anti-twinning
-----------------------------------

To understand the dynamic process of anti-twinning, MD simulations with a Finnis-Sinclair--type potential of W by Ackland and Thetford ([@R23]) were performed for a single-crystal W nanowire under $\lbrack\overline{1}10\rbrack$ tension (Materials and Methods). [Figure 3A](#F3){ref-type="fig"} shows the simulated stress-strain curve, while [Fig. 3](#F3){ref-type="fig"} (B and C) shows the overall nanowire structure right before and at the end of a major stress drop in the stress-strain curve. It is seen that anti-twinning occurred during this stress drop ([Fig. 3, A to C](#F3){ref-type="fig"}), consistent with the experimental observations ([Fig. 2](#F2){ref-type="fig"} and fig. S3). The MD snapshots in [Fig. 3](#F3){ref-type="fig"} (D to G) show the nucleation and growth of an anti-twin from the nanowire surface, as indicated by the blue lines that become kinked because of the anti-twinning. More specifically, an anti-twin embryo first nucleated from the side surface and then grew through the nanowire ([Fig. 3, D to G](#F3){ref-type="fig"}). The growth of the anti-twin involved both expansion of its leading edge ([Fig. 3, E and F](#F3){ref-type="fig"}) and lateral movement of the $(\overline{1}1\overline{2})$ twin boundary, resulting in the formation of an anti-twin band ([Fig. 3G](#F3){ref-type="fig"}). Close examination indicates that the anti-twin growth was mediated by the surface nucleation and glide of $1/3\lbrack 1\overline{1}\overline{1}\rbrack(\overline{1}1\overline{2})$ dislocations on the boundary between the growing anti-twin and its parent crystal. The core of a $1/3\lbrack 1\overline{1}\overline{1}\rbrack(\overline{1}1\overline{2})$ anti-twin dislocation is highlighted by a pink circle in [Fig. 3H](#F3){ref-type="fig"}, where a large shear displacement in the core causes a marked separation between the two adjacent {112} atomic layers in the core, as seen by relatively large interstices enclosed by the blue atoms in the core. The core of this anti-twin boundary dislocation coincides with an anti-twin boundary step, as marked by the stepped red line in [Fig. 3H](#F3){ref-type="fig"}. Hence, the coincident dislocation and step at the anti-twin boundary constitute a so-called disconnection ([@R24]), which is reminiscent of the coincident dislocation and step, i.e., a disconnection, at the boundary of an ordinary twin. This process of surface nucleation and growth of an anti-twin from MD is similar to that from in situ TEM observations ([Fig. 1](#F1){ref-type="fig"}) but reveals the atomic-level details of glide of anti-twin boundary dislocations. In addition, we note that during MD simulations, surface nucleation and glide of dislocations in the nanowire lattice occurred before anti-twinning (fig. S6). However, most dislocations escaped from the nanowire surface, while the rest trapped each other inside the nanowire, making it difficult for continued dislocation nucleation and glide. Because the overall plastic strain produced by these dislocation activities was insufficient to match the applied tensile strain, a large elastic strain was induced. This led to the buildup of high stresses for triggering the anti-twinning shear in MD simulations. Similar dislocation processes might also occur before anti-twinning during experiment. However, they were not captured by in situ TEM observations shown in [Fig. 1](#F1){ref-type="fig"}, due to the fast processes of dislocation nucleation and glide. MD simulations were also performed using an embedded atom method (EAM) potential of W developed by Marinica *et al*. ([@R25]), and similar dislocation and anti-twin activities were observed, as shown in fig. S7.

![MD simulation of anti-twinning in a W nanowire under $\lbrack\overline{1}10\rbrack$ tension.\
(**A**) MD-simulated tensile stress-strain curve. (**B** and **C**) Simulated nanowire structure right before and at the end of the major stress drop, with the corresponding tensile stresses marked by the red dots in (A). (**D** to **G**) Local atomic structures \[corresponding to the boxed region in (C)\] showing the nucleation and growth of an anti-twin from the nanowire surface. Blue lines are drawn along the close-packed 〈111〉 direction, showing the perfect and twinned BCC lattice. The corresponding tensile stress for each structure is marked by the red dot in (A). (**H**) Local atomic structure \[corresponding to the squared region in (G)\], showing the $1/3\lbrack 1\overline{1}\overline{1}\rbrack(\overline{1}1\overline{2})$ dislocation at the boundary of an anti-twin. The core of this anti-twin boundary dislocation (marked by the pink circle) coincides with an anti-twin boundary step (marked by the stepped red line). Atoms in (B) to (H) are color-coded by the coordination numbers.](aay2792-F3){#F3}

To further understand the competition between anti-twinning and ordinary twinning, we performed DFT calculations ([@R4]) to determine the energy landscapes of multilayer anti-twinning shear and ordinary twinning shear in BCC W single crystals. As illustrated in [Fig. 4A](#F4){ref-type="fig"}, the energy landscape curve of anti-twinning and ordinary twinning was respectively calculated by successively moving one {112} atomic layer with respect to a previously moved one by 2*b*~p~ and *b*~p~, where *b*~p~ is the Burgers vector length of a 1/6〈111〉 twin partial. As a result, the thickness of anti-twin and ordinary twin increases by one {112} atomic layer, respectively. The energy landscape curve of multilayer anti-twinning exhibits a series of local energy minima ([Fig. 4B](#F4){ref-type="fig"}), each of which corresponds to an anti-twin band with a different number of atomic layers. A local energy maximum exists between two adjacent local energy minimum states, indicating a finite energy barrier (\~0.163 J/m^2^) for anti-twin thickening ([Fig. 4B](#F4){ref-type="fig"}). In contrast, the energy landscape curve of multilayer ordinary twinning exhibits much lower energy barriers to twin thickening ([Fig. 4C](#F4){ref-type="fig"}). Hence, these DFT results indicate that the nucleation and growth of an anti-twin band are more difficult than an ordinary twin, due to the higher energy barrier of the former ([Fig. 4B](#F4){ref-type="fig"}). As a result, anti-twinning is less favored than ordinary twinning in bulk BCC crystals, while the ultrahigh stresses in nanosized BCC crystals facilitate the dynamic competition among anti-twinning, ordinary twinning, and dislocation slip, as demonstrated by the in situ TEM observations in [Fig. 2](#F2){ref-type="fig"}. It should be noted that the stability of an anti-twin in a mechanically loaded W nanowire is controlled not only by the energy of anti-twinning shear layer by layer but also by several other competing factors, including the anti-twin boundary energy, elastic energy in the surrounding matrix, and mechanical work associated with the applied load.

![DFT results of the energy landscapes of anti-twinning shear and ordinary twinning shear in BCC W.\
(**A**) Schematic illustration of DFT calculation of anti-twinning by successive shearing of one $(\overline{1}1\overline{2})$ atomic layer with respect to a previously moved one in the $\lbrack 1\overline{1}\overline{1}\rbrack$ direction by λ*b*~p~, where *b*~p~ is the Burgers vector length of a 1/6〈111〉 twin partial. Ordinary twinning involves shearing in the $\lbrack\overline{1}11\rbrack$ direction by λ*b*~p~. (**B**) Energy landscape curve of anti-twinning shear, showing a series of local energy minima (when λ is an even number), each of which corresponds to an anti-twin band with a different number of atomic layers. (**C**) Energy landscape curve of ordinary twinning shear, showing a series of local energy minima (when λ is an integer), each of which corresponds to an ordinary twin band with a different number of atomic layers.](aay2792-F4){#F4}

Size-dependent anti-twinning in $\lbrack\overline{1}10\rbrack$-oriented W nanowires
-----------------------------------------------------------------------------------

Our in situ TEM experiments further revealed the size-dependent response of anti-twinning in BCC W nanowires under $\lbrack\overline{1}10\rbrack$ tension. From a series of in situ experiments of W nanowires with different diameters, we found that anti-twinning frequently occurred in small-diameter W nanowires, but dislocation slip predominated the plastic shear with increasing nanowire diameter. [Figure 5](#F5){ref-type="fig"} shows an example of dislocation-dominated deformation in a large W nanowire (\~45 nm in diameter) under $\lbrack\overline{1}10\rbrack$ tension, as confirmed in [Fig. 5](#F5){ref-type="fig"} (A to C). Before the tensile loading, no preexisting dislocation was observed in the nanowire ([Fig. 5, A and C](#F5){ref-type="fig"}). Upon tensile loading, a half-dislocation loop with the Burgers vector of 1/2〈111〉{110} was nucleated from the free surface and then expanded into the nanowire ([Fig. 5D](#F5){ref-type="fig"}). This process is similar to the surface dislocation nucleation observed in other BCC nanowires ([@R13]). We note that the surface intersection point of the expanding dislocation loop (marked by the blue arrows in [Fig. 5, E and F](#F5){ref-type="fig"}) could act as an effective pinning point for dragging dislocation motion, causing slow rotation of the dislocation line around the pinning point. Incidentally, this dragging effect of the surface intersection point may induce the self-multiplication of dislocation inside BCC nanocrystals, as suggested by previous MD simulations ([@R8]), while this self-multiplication was not observed during our in situ experiment. Further straining of the nanowire caused the escape of dislocations from the surface during in situ experiment, leading to dislocation starvation in the small-volume nanowire ([Fig. 5G](#F5){ref-type="fig"}). Subsequently, new surface dislocations were seen to nucleate and grow for continued plastic deformation ([Fig. 5, H to K](#F5){ref-type="fig"}). These results demonstrate the dislocation-mediated plasticity in large W nanocrystals ([@R14]). The continued, but limited, dislocation activities finally led to the necking ([Fig. 5K](#F5){ref-type="fig"}) and fracture of the W nanowire.

![Dislocation-dominated plasticity in a 45-nm W nanowire under $\lbrack\overline{1}10\rbrack$ tension.\
(**A**) TEM image of the $\lbrack\overline{1}10\rbrack$-oriented nanowire with a diameter of 45 nm and without preexisting dislocations. (**B**) Selected area electron diffraction pattern and (**C**) high-magnification TEM image showing the axial orientation $\lbrack\overline{1}10\rbrack$ of the nanowire. (**D** to **K**) TEM images showing the dynamic dislocation process in the nanowire. Under tensile loading, a half-dislocation loop with the Burgers vector of 1/2〈111〉{110} was emitted from the surface and propagated into the nanowire (D); further loading causes the rotation of the dislocation line around the surface pinning point (E and F); the dislocation escaped from the surface of the nanowire (G); the nucleation of new dislocations for continued plastic deformation (H to K). The surface intersection points of dislocations are marked by the blue arrows in (E), (F), and (H). Scale bars in (A) and (D) to (K) are 20 nm; scale bar in (C) is 5 nm.](aay2792-F5){#F5}

DISCUSSION
==========

The anti-twinning deformation in BCC crystals ([@R2], [@R3]) had been deemed impossible, given the intrinsically high resistance to anti-twinning shear. Dislocation slip and/or ordinary twinning shear usually predominate the plastic deformation of bulk and small-volume BCC crystals, even when anti-twinning shear is favored (see table S2). By taking advantage of a recently developed capability of in situ fabrication of sub--20-nm W nanowires, our in situ TEM nanomechanical testing revealed an anti-twinning phenomenon and further demonstrated a size dependence of anti-twinning deformation in BCC metallic nanowires ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} and figs. S4 and S5).

The size dependence of anti-twinning deformation mainly originates from the size-strengthening effect, as well as the competing operation between ordinary dislocation and anti-twin in nanoscale W crystals. Typically, the smaller the nanowire, the higher the strength ([@R1]). Given the high nucleation barrier of an anti-twin, the deformation of W nanowires with large sizes (e.g., 45 nm) was dominated by dislocations that are favored at relatively low stresses. However, the nucleation stress of dislocations increased markedly with decreasing nanowire diameter ([@R16]), which may become comparable to the nucleation stress of an anti-twin at the sub--20-nm scale. As a result, anti-twinning can become a favored deformation mode in W nanowires with sizes less than 20 nm. But anti-twinning still has to compete with other familiar modes of plastic shear, given the relatively close Schmid factors for ordinary dislocation (0.41) and anti-twinning dislocation (0.47), as well as the high stresses applied. Our MD simulations revealed the surface nucleation of ordinary dislocations before anti-twinning (fig. S6). Hence, it is necessary to analyze how the prevalent ultrahigh stresses in nanosized W crystals dictate the competition of the nucleation-controlled plastic shear by dislocations, twins, and anti-twins ([@R16]). For the W nanowires under $\lbrack\overline{1}10\rbrack$ compression, the theoretical shear stress (at 0 K) for dislocation slip on its most favored {110} plane and ordinary twinning shear on its most favored {112} plane are comparable (\~18 GPa) ([@R16]) such that the competition between these two plastic shear modes becomes possible ([@R16], [@R26]). In contrast, under $\lbrack\overline{1}10\rbrack$ tension, the theoretical shear stress for anti-twinning on its most favored {112} plane is \~25 GPa ([@R26], [@R27]), which is markedly higher than that for dislocation slip and ordinary twinning shear (\~18 GPa) ([@R16]). However, the larger normal stress on the most favored {112} plane for anti-twinning shear could reduce its resistance to some extent ([@R27], [@R28]), favoring the competition of anti-twinning over dislocation slip. In this work, the measured tensile "yield" stress is \~26.2 GPa (fig. S2B) when anti-twinning was observed in the 16-nm-diameter W nanowire under $\lbrack\overline{1}10\rbrack$ tension. The corresponding resolved shear stress is \~12.3 GPa on the most favored {112} twin plane for driving anti-twinning shear. The experimentally measured tensile stress is lower than the aforementioned theoretical value (at 0 K) for anti-twinning. This difference can be attributed to the effects of free surface (including surface defects) and room temperature on reducing the critical shear stress of anti-twinning. It is known that the free surface has important influences on defect dynamics in nanosized crystals ([@R1], [@R16]). Surface dislocation nucleation can cause local structural changes at the nucleation site such that it cannot occur continuously at the same surface site. In contrast, once an anti-twin nucleates, this anti-twin could continue its growth process more easily by nucleation of an anti-twin dislocation from the intersection between the anti-twin boundary and free surface; due to the migration of the anti-twin boundary, this intersection is not fixed in space, thus reducing the impact of structural changes at a particular nucleation site so as to favor the continued anti-twinning process. However, with an increasing diameter and thus surface area of the nanowire, the amount of surface heterogeneities rises. These surface heterogeneities could favor dislocation nucleation, leading to a transition from anti-twinning shear to dislocation slip, as observed from BCC W nanowires ([Figs. 1](#F1){ref-type="fig"} and [4](#F4){ref-type="fig"}) and Nb nanowires (fig. S5). This transition could be partly attributed to the sluggish growth of anti-twins due to the high energy barriers for anti-twinning shear ([Fig. 4B](#F4){ref-type="fig"}), as well as by the occurrence of large stress drop after anti-twin nucleation (fig. S3). Hence, the dynamic transitions among anti-twinning, de--anti-twinning, and dislocation slip became possible, as revealed in [Fig. 2](#F2){ref-type="fig"}. Although this work has revealed a size-dependent transition between dislocation slip and anti-twinning shear in BCC metallic nanowires, the critical size of anti-twin formation in W nanowires cannot be quantitatively determined because of technical challenges that limit the number of samples tested. Moreover, the impact of crystal orientations and loading conditions (such as high strain rates and low temperatures) on the activation of anti-twinning warrants further study in the future to gain a comprehensive understanding of the anti-twinning phenomenon in BCC nanocrystals. We also note that due to the complexity of surface structure, a systematic understanding of the surface effects on competition between twinning, anti-twinning, and ordinary dislocation slip requires further experiments and simulations in the future.

In conclusion, we have found an anti-twinning phenomenon in BCC W nanowires with diameters less than \~20 nm. A transition from dislocation slip to anti-twinning shear with deceasing nanowire diameter was observed and attributed to the limited plastic deformation carriers in nanosized BCC crystals. The resultant ultrahigh stresses trigger the formation and growth of anti-twins. This work sheds new light onto the size-dependent deformation in small-volume BCC crystals and has broad implications for harnessing unconventional deformation mechanisms toward the high mechanical preformation of nanomaterials. Our discovery calls for a rethink of the active deformation mechanisms in nanoscale BCC metals and may also stimulate investigations of size-dependent anomalous deformation behavior (e.g., tension-compression asymmetry and breakdown of Schmid's law) in these materials.

MATERIALS AND METHODS
=====================

In situ sample fabrication and nanomechanical testing
-----------------------------------------------------

Tungsten nanowires with different orientations were fabricated by in situ welding of nanocrystals inside an FEI Tecnai F20 field emission gun TEM equipped with a PicoFemto® TEM electrical holder from Zeptools Co. During welding, a W probe was driven by a piezo-controller to contact a nanoscale edge on the fracture surface of another W rod (99.98 wt % purity, 0.010 inches in diameter). The contact was quickly welded together under a preapplied potential of 2 to 4 V, forming a W nanowire with nearly uniform diameter. In situ nanomechanical testing of the W nanowire was performed with a strain rate of 10^−3^ s^−1^ at room temperature. The deformation process was recorded by a charge-coupled device camera at three frames per second.

MD simulation
-------------

To study the anti-twinning deformation in a W nanowire under $\lbrack\overline{1}10\rbrack$ tension, MD simulations were performed using the general MD program LAMMPS. The simulated single-crystal W nanowire has an initial length of 26.8 nm and a circular cross section with a diameter of 7.2 nm. The total number of atoms is 98,340. The Finnis-Sinclair--type potential of W by Ackland and Thetford ([@R23]) was used for MD simulations. The periodic boundary condition was imposed along the axial direction of the nanowire, and the side surface was traction free. A tensile strain rate of 10^8^ s^−1^ was applied, while the temperature was kept at 300 K. The time step was taken as 1 fs. MD simulations were also performed using an EAM potential of W developed by Marinica *et al*. ([@R25]) to further validate the observations from in situ TEM experiments as well as MD simulations using the Ackland-Thetford potential ([@R23]).

DFT calculation
---------------

To study the energy landscape underlying the multilayer anti-twinning shear and ordinary twinning shear in BCC W, first-principles DFT calculations were performed using the Vienna Ab initio Simulation Package. We built a slab model with 25 layers of W ($\lbrack\overline{1}10\rbrack \times 1/2\lbrack 111\rbrack \times 4\lbrack 11\overline{2}\rbrack$) and 15 Å vacuum region in the $\lbrack 11\overline{2}\rbrack$ direction. The ion electron interaction was described by the projector-augmented wave method ([@R29]), and the exchange-correlation function was described by the generalized gradient approximation in the parametrization of Perdew-Burke-Ernzerhof ([@R30]). The plane wave cutoff was set to 300 eV. A 11 × 18 × 1 *k*-point mesh following the Monkhorst-Pack scheme ([@R31]) was adopted. The energy convergence criterion for the electronic self-consistency was 10^−5^ eV. The ionic relaxation was stopped until the maximum force on each atom was less than 0.05 eV/Å.
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